In this paper, we consider the problem of assessing the performance of different power management strategies for a hybrid, 125cc sport motorbike. The electrical machine is used to obtain a torque boost during accelerations, with reduced emissions. Being a sport motorcycle, impact of the hybridisation on performance in terms of handling has to be carefully evaluated. To this aim, a virtual environment has been realised, that allows to describe in detail the vehicle dynamics, as well as the characteristics of the hybrid power train. The simulation environment is completed by a virtual rider and a tool for building test circuits. The virtual environment is used to evaluate two different power management strategies, based on a standard heuristic and on torque-split optimal control strategies, respectively. Results of simulations on a virtual track and of field tests are included.
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Introduction
Transportation systems and efficient energy utilisation are two of the most relevant research topics on a world-wide scale, for their economic and environmental impact. In the European context, fossil fuels, despite their high levels of pollution, are still extensively used for energy production and transportation, according to the European Union (2011) . The European Union has studied a careful energetic policy that aims at reducing greenhouse gas levels and energy consumption by 20% and increasing the share of renewables by 20%, by the year 2020. However, the analysis of current trends of energy utilisation shows that the second target will not be reached, also due to the intense use of energy for transportation. Consequently, there is an increasing level of attention on the development of electric and hybrid vehicles that can help in addressing both the reduction of greenhouse gas levels and the increase of energy efficiency of transportation systems, hence capturing the interest of international research and vehicles manufacturers.
Electric scooters and motorcycles are not widely spread in the market, despite their promising characteristics in terms of fuel economy, environmental impact and mobility capability. High prices, reduced performance with respect to gas-powered vehicles and a limited range have been impediments to electric two-wheeled vehicles increasing their market share. In the case of mid and high-weight vehicles like motorcycles, a hybrid power train can be seen as a satisfactory trade-off solution, granting both operational range and performance with reduced emissions. However, the presence of an additional engine and of the battery pack may affect the rider's driving experience with respect to an equivalent model provided with an internal combustion engine only (Fodorean et al., 2013; Morandin et al., 2013) . This aspect is particularly relevant when the hybrid vehicle is a sport one, as the increase in weight and the effects of the additional torque provided by the electric engine may heavily impact on the vehicle dynamic performance. While several studies have been performed to asses the performance of hybrid motorcycles from an energy or mechanical design point of view, (see e.g., Cipek et al., 2013; Hsu and Shao-Yuan, 2010; Kuen-Bao, 2008 ) less attention has been given to the evaluation of the impact of the hybrid power-train structure on the handling capabilities of the vehicle. In this context, a virtual environment capable of accurately describing the vehicle dynamics is a key feature for testing different engine and power systems management algorithms and their impact on the vehicle manoeuvrability.
In this paper, a virtual prototyping environment is described, that has been designed to support the process of converting a conventional, 125cc sport motorcycle to hybrid electric motorcycle, Morandin et al. (2015) . Since the considered vehicle is a sport vehicle, the goal of the conversion is to use the electric engine as a torque-boost supplier. A flexible Simulink environment has been developed, that runs in co-simulation with a commercial software tool, widely used for motorcycle virtual prototyping studies (VI-Grade, 2016) , that allows to analyse in detail the vehicle dynamic characteristics. An easily customisable model for the accumulators has been derived, together with a mapbased model for the electric engine. As an appropriate design of the power management system (PMS) is crucial to deal with the requirements of acceptable autonomy of the electric engine and preservation of a satisfactory driving experience (Chen et al., 2011) , the validation of the co-simulation environment is done with specific reference to testing different PMS strategies. In particular, two strategies are proposed, a simple one based on the evaluation of RPM derivative to select the boost/charge phase for the electric machine and a more sophisticated one, based on optimal control, to obtain the best performance (in terms of available torque) while keeping the battery pack around its optimal operating point. Simulations have been carried out using different configuration for the virtual rider tested on different tracks, elaborated with a dedicated tool (VI-road), to evaluate the performance of the control strategies among different driving conditions. The results show that satisfying performance can be obtained, in terms of both available torque utilisation and battery management.
The paper contribution can be summarised as follows: • The use of a highly detailed vehicle simulation environment is proposed to assess the impact of the hybrid engine structure on the motorcycle manoeuvrability. The tool makes use of a virtual rider, which closes the loop by simulating the human behaviour and makes the whole environment reliable to perform realistic tests and evaluations, differently from common feed-forward simulation approaches.
• A simple, data sheet based approach to enrich the simulation environment with a component describing the battery behaviour is presented. This method is particularly useful when a detailed model of the battery pack is neither available nor can be estimated. Moreover, it can be applied to any battery pack, provided that basic, data sheet information is available.
• Two power management strategies are proposed, a simple one, based on a heuristic approach and a more sophisticated one, based on optimal control. Both strategies aim at using the electric engine as a torque-boost supplier. The strategies are well suited to be easily implemented in the vehicle ECU.
• A case study (namely the hybridisation of 125 c.c., sport motorcycle) is used to describe all the required steps to adapt the simulation environment to the specific application. The approach is validated on both simulation runs and track tests with a prototype.
The paper is organised as follows. The motorcycle prototype is described and the proposed battery models are discussed in Sections 2 and 3, respectively. In Section 4, the control strategies are described. In Section 5 the implemented virtual environment is described and the simulation results are shown in Section 6, whereas results of field tests are given in Section 7. Conclusive remarks are provided in Section 8.
Motorcycle prototype

Reference motorcycle and hybrid powertrain structure
The vehicle we consider is the 125cc, Aprilia RS4 125 (Figure 1 ) motorcycle, a commercial, sport motorcycle with a small, single-cylinder, four-stroke engine that is described in terms of the torque characteristic curve given in Figure 2 from full-gas measurement at the engine test stand.
Several configurations for coupling internal combustion and electric engines are available in the literature, which can be grouped in three main architectures, namely, series hybrid, parallel hybrid and series-parallel hybrid, details can be found in Chan (2007) , Chan et al. (2010) , Ehsani et al. (2007) and Emadi et al. (2005) . The chosen configuration for the considered prototype is the parallel one, i.e., the two engines can run separately or together. The electric machine replaces the alternator and is keyed on the drive shaft, resulting in the constraint that both engines run at the same rounds per minute (RPMs). The electric motor is a surface permanent magnet synchronous motor, providing a high torque density with reduced weight and space requirements. An overview on the design and realisation of the electric machine can be found in Morandin et al. (2015) . The overall engine torque profile for the hybrid vehicle, considering the contribution of both engines, is as in Figure 3 . Note that the highest torque requested from the electric motor is approximately 5 [Nm] . The electrical machine acts as a motor when a boost is required and as a generator when the current driving conditions allow to charge the accumulators.
Batteries
An evaluation of the best solution for the battery pack, in terms of reliability and durability, has been carried on (Ferrari et al., 2012) . Even if the ultra-capacitors technology seems promising, the best compromise between performances, space saving and cost reduction is given by lithium-polymer cells (Li-Po) . This technology offers many advantages over traditional lithium-ion (Li-ion) cells including:
• no risk of fire, since the cells consist of non-flammable polymers
• the flexible structure allows for a lighter case for the battery pack, thereby obtaining a considerable saving of weight. Their prismatic structure also permits a very dense packing, resulting in an increase of the energy density of approximately 20% compared to traditional Li-ion cells having a cylindrical shape.
The characteristics of each cell of the battery pack are given in Table 1 , in particular, charge and discharge conditions, which describe the voltage and maximum current in the two phases and the cut-off voltage of discharge. This value indicates the minimum voltage allowed for the discharging phase, in order to avoid permanent damage or remarkable reduction of the lifetime of the accumulator. Results of an analysis performed by means of static simulations suggest to use a four cell battery pack, De Simoi (2011), where each cell has the charge and discharge curves reported in Figures 4 and 5, respectively. The curves have been taken for the cell data sheet and they allow to evaluate the performance of the accumulator. In particular, by using such curves, it is possible to obtain an estimate of the values of voltage as a function of the charging time and the state of charge (SOC) of the cell.
For the application at hand, a crucial information about the batteries is the specification of the current value as a function of the battery capacity. In Figures 4-5, different curves are reported, obtained with different values of (constant) charge/discharge current (in Ampere). Each curve is labelled iC, where i is a factor multiplying the nominal maximum capacity of the battery (in Ampere per hour), e.g., the charging curve at 2C for the given cell of 40 Ah capacity is obtained at a constant current value of 80 A. It is worth noticing that, while the discharge curve represents the voltage as a function of the discharge capacity, i.e., of the residual stored energy, the charge one is a function of time. For each value of the charging current, two phases can be observed:
Battery modelling
Deriving a battery model is a challenging issue, since its behaviour depends on a wide variety of internal and external variables, e.g., internal temperature, ageing (number of charge and discharge cycles), operational conditions and many more. See Debert et al. (2008) A crucial element of the battery pack is the PMS, that has to provide the status of the batteries (temperature, SOC, voltage at the poles) while ensuring that they are used properly. The PMS performs the following tasks:
1 direct measurement of the most relevant signals from the battery pack, such as temperature, voltage and current of the single cell or the entire pack 2 estimation of non-accessible quantities, as SOC (Li et al., 2011) 3 control of charge and discharge current as well as the cooling system of the battery, to avoid damage and unstable conditions 4 balancing of the SOC of each cell in to increase battery lifetime. The SOC of individual cells may in fact differ between each other due to small construction differences, resulting in a reduction of the total capacity.
All these factors have been considered in the development of the model of the accumulators for the application at hand. The model is used to derive the PMS to be implemented on board of the prototype motorcycle, therefore, it has to describe all the fundamental dynamics to obtain reliable estimations of the values of interest (SOC, voltage V, current I) in real-time. As in the situation at hand a test bench for measuring the parameters of the real battery pack is not available, a simple model has been adopted, in terms of an electric circuit (see Figure 6 ), where the battery is considered as a real voltage source controlled by SOC, so that the supplied voltage is a function V batt (SOC). The same holds for the current I batt (SOC). The proposed modelling method is inspired by Yurkovich et al. (2008) and relies on information directly available from the battery pack data sheet. Point-wise charge and discharge maps are derived from the characteristic curves of Figures 4 and 5 and by applying polynomial fitting, analytical representations for V batt (SOC), I batt (SOC) are calculated. Note that i t as polynomial fitting of sampled values of the plot, to make these functions dependent from SOC, the charge power function ( )
and then integrated to obtain the available energy
where V 0 is the cut-off voltage value, (i.e., the voltage lower bound to avoid damages, given in the data sheet). By normalising ( ) C batt E t with respect to its maximum value, SOC(t) is computed. Finally, having described each quantity as a function of time, V SOC increases starting the minimum value V 0 . When the voltage reaches its maximum value V max , the current has a decreasing transient and becomes null when SOC = 100%.
This last transient is not automatically achieved by the cells. The current comes from the electric machine and if it is not limited when the voltage has reached its maximum, the accumulators will keep on storing the energy until their maximum capacity is reached. If additional current is provided, the consequently generated energy is converted into heat and dissipated, thus increasing the temperature and possibly damaging the battery pack. For this reason, accumulators are usually equipped with a charge controller that limits the absorbed current when the SOC meets a given threshold value. If the batteries are not provided with such system, it has to be integrated within the PMS. The proposed model takes into account such feature, hence ( ) (Dougal, 2002) , 0 ( )
Discharge functions
The discharge law is easily obtained from the characteristic curve of Figure 5 . If constant current I kC is applied to the load, the voltage is given as a function of the discharge capacity, hence by polynomial fitting the function
is obtained, where SOD is the state of discharge, related to SOC as SOD = 1 -SOC Hence,
Power estimation
For control and simulation purposes, the value of the SOC needs to be known at each time. Since it directly depends on the energy E, hence on the power P, it is useful to introduce an estimation of the power supplied by and to the accumulators, depending on the operational state of the electric machine (as power train or generator, respectively).
In the boosting phase such estimation is simple and is given by
where t is the present time instant, RPM(t) is the actual speed of the hybrid engine and τ em (t) the corresponding provided boost torque (that depends both on RPM(t) and the throttle opening). η em is the total efficiency of the electric machine (motor, inverter and converter): to achieve the desired boost, the power from the accumulators has to compensate also for the physical losses. The energy (hence SOC(t)) is then computed by integrating ( ).
D batt P t When the electric machine operates as a generator, a real-time estimate of the instantaneous power absorbed by the batteries, ( ) C batt P t is needed, so that SOC(t) can be computed and the charge controller described in Section 3.1 can be implemented. It is proposed to describe P t are computed, starting from which, the corresponding function is obtained via polynomial fitting. As the energy of the battery E(t) is an increasing monotonic function, being the integral of the power that takes non-negative values, SOC(t) = E(t)/E max is monotonic as well. If SOC lim is the value after which the current transient starts, then for SOC(t) < SOC lim and SOC(t) ≥ SOC lim the function is monotonic, hence it is possible to resort to the inverse map to compute the time instant t at which a given value C batt P is reached. If T s is the sampling time, the estimation of the charging power is computed from the polynomial model as ( ).
C s batt P t T + The estimate is then integrated to obtain E(t) and the correspondent SOC(t).
Control strategies
As the hybrid motorcycle is a sport one, it is requested that the best use of the electrical machine is achieved in terms of supplied torque boost that has to be provided while avoiding excessive stress of the battery, to prevent damages and possible safety issues. Other approaches may be taken, such as acting on the armature current of the motor, [e.g., with fuzzy-logic controllers (Liu et al., 2007) ] or on the power split between the two propulsion systems (Chen et al., 2011) .
The electric motor works as a generator when in charge mode and as an engine when in boost mode. The controller operates in both phases and two different approaches are proposed for boost management, a heuristic one and the other based on optimal-control paradigm.
Charge control
As said in Section 3.1, when the battery voltage is less than V max , the current supplied by the generator is constant and it can be set to a multiple of the nominal capacity. To each value of I kC it corresponds a lower bound on RPM(t), RPMkC below which the generator cannot supply power enough to provide the requested current. Charging batteries is a slower but safer task than discharging. Also, when the electric machine acts as a generator, thanks to the parallel architecture, it does not affect the driving behaviour of the vehicle. As a consequence, the charge mode has to be activated whenever possible, i.e., when the motorcycle is at constant or decreasing speed and RPM( ) RPM . kC t ≥ In more detail, if υ(t) is the motorcycle speed, g(t) the gear signal and E(t) the energy level, charge mode is activated when the following conditions hold: 1 ( ) υ t ≤ δυ 0 , where δυ 0 > 0 is a threshold below which the speed can be considered constant or decreasing 2 RPM( ) RPMkC t ≥ 3 ġ(t) ≤ 0, to avoid problems with negative ( ) υ t values due to gear-shifting and not to actual speed variations 4 E(t) ≤ E max : the motor acts as generator only if accumulators are not full-charged. The adopted cells can be charged with currents up to 2C. The higher is the charging mode, the faster is energy accumulation and, on the other hand, the higher is RPM .
kC
Depending on the driving context (route, driver's behaviour, traffic), the 2 RPM C constraint might be too stringent to allow satisfactory recharge. The proposed control algorithm then operates an automatic switch of charging modes between 1C and 2C, based on recent driving conditions, to exploit at best the generator capabilities. To this aim, consider the time window T obs . The time intervals t 2C and t 1C within T obs with RPM(t) > 2 RPM C and 1 RPM C < RPM(t) < 2 RPM C respectively, are computed and compared and the corresponding charging mode is applied. A hysteresis-based strategy on the difference between the two time values is applied to avoid chattering of the switching action. The procedure is summarised in Algorithm 1 reported in the Appendix. This strategy is effective under the hypothesis that the driving style is consistent during the observation window, as it usually happens.
Boost control
The electrical machine can operate as an engine and provide torque contribution when the following conditions hold:
: the boost acts within a RPM range specified at design stage 3 ġ(t) ≤ 0 4 E(t) ≤ E min : boost is applied only if energy is available in the accumulators.
The boost stage is more critical than the charge stage, from the point of view of both vehicle stability and battery management. In fact, when the batteries are required to supply energy, the discharge dynamics are much faster than the charge ones. As can be seen in Table 1 , a single cell is capable of providing a current up to 400 A, five times higher than the maximum absorbable one. Moreover, during boost the electrical machine behaves as an engine and contributes to the motion with and additive torque that directly affects the dynamic behaviour of the motorbike. This last aspect has to be considered with particular care, since an unusual vehicle response may result in a major safety issue for the rider. Two algorithms have been designed to manage the boost phase, named adaptive boost and adaptive torque splitter, respectively.
Adaptive boost
This strategy is based on simple heuristics. The reference torque map is a full-boost map, with the maximum torque values that the motor can provide for each RPM value. If the conditions for applying boost hold, the electric motor is controlled to provide a torque scaled by a reduction factor proportional to the current SOC. With this respect, the adaptation is performed on the residual energy of the battery pack, aiming at avoiding excessive stress when it reaches low values.
The control variable for this strategy is the SOC. If , 
A chattering behaviour may arise when the SOC takes values close to the thresholds, with continuous switching between different operative modes, due, e.g., to traffic conditions, that may negatively affect both the electric machine and the mechanical components of the power train. To prevent this phenomenon, hysteresis on the threshold values is applied. The procedure is summarised in the Appendix as Algorithm 2.
Adaptive torque splitter
This strategy is based on an optimisation approach and aims at computing the amount of power or torque that each engine must provide to minimise fuel consumption over a driving cycle. As the algorithm has to operate in real-time, the strategy is designed so that vehicle information from the past and the present only is required. In the literature, different approaches have been used to tackle the aforementioned problem, such as adaptive equivalent consumption strategies (A-ECMS) (Musardo et al., 2005 , Chen et al., 2011 , model predictive control (MPC) (Koot et al., 2005; Kessels et al., 2007; Fu et al., 2011) and optimal stochastic control (Moura et al., 2011) . The proposed optimal control algorithm is based on the idea of torque splitting. Given the total torque request τ r (t) for a given RPM(t) value, the splitting between the torque that can be provided by the electric motor, τ em (t) and the internal combustion engine, τ ice (t), is computed, that achieves the best trade-off between battery consumption and fuel economy. This approach has been chosen as in the given architecture the two engines run at the same RPM value. The cost function is a weighted sum of τ em (t) and τ ice (t), that is 
( 1 2 ) where the bounds on SOC(t) are given to prevent battery damage and the bounds on τ em (t)and τ ice (t) reflect the minimum and maximum torque supplied by the two engines at a fixed RPM value (depending on the absorbed current and the throttle opening, respectively). Note that the constraints, depending on RPM(t), are time-varying.
The adaptive aspect of the proposed algorithm is associated with the dynamic adaptation of w em and w ice to the state of the batteries, to keep SOC(t) around its optimal operating point SOC ref 
( 1 3 ) A smoothing constraint on the derivative ( ) SOC t has been introduced to avoid abrupt variations of the τ ice request. Hence we have Both J(τ em (t); τ ice (t)) and the constraints can be rewritten as a function of τ ice (t) only and the constraints can be incorporated in J(τ ice (t)). Therefore, the control problem becomes a single variable, unconstrained optimisation problem. A solver based on the golden-ratio method (Press et al., 2007) has been adopted for its resolution speed and capability of dealing with non-continuous cost function. The request in terms of τ ice is translated into a throttle command, a viable solution as ride-by-wire technology is integrated within the prototype, (see e.g., Beghi et al., 2006) .
Virtual environment
The implemented virtual environment has two main goals:
1 to provide a flexible, easily integrable tool for dynamic simulation of a (simplified) model of the hybrid motorbike; 2 to test the proposed control algorithms on realistic scenarios.
The core of the simulation tool is VI-BikeRealTime, a commercial modelling, post processing and real-time analysis environment for motorcycle models. One of its main features is the Simulink interface, which allows to perform software-in-the-loop and hardware-in the-loop activities. The key feature of the Simulink interface is the presence of a virtual rider, which emulates the behaviour of a real driver and allows to close the loop of the dynamic simulation, giving a reliable feedback on the performance of the control strategies in a realistic scenario, before the 'real-world' tests. As the virtual driver is implemented as a maximum performance driver, appropriate strategies have to be adopted to emulate situations of city-driving on ad-hoc tracks. Simulink models of the electrical machine and of the PMS have been implemented to get a complete dynamic system representing the hybrid vehicle.
Virtual rider
The virtual rider is able to 'ride' a virtual vehicle model through a number of different manoeuvres to analyse performance of both the vehicle and its components, (see e.g., Beghi et al. (2007) for an application to detailed suspension characterisation). The algorithm makes use of an accurate dynamic solver that, given motorbike model and the track profile, integrates in real-time a set of equations which emulate a real-driver behaviour Beghi, 2006, 2003; Saccon et al., 2008 Saccon et al., , 2012 Saccon et al., , 2013 , in terms of applied longitudinal and lateral forces, driveline following, steering, throttle and brake commands and many more. The main advantage associated with the use of the driver is the capability of using the simulation environment to perform closed-loop manoeuvres and to evaluate the effectiveness of control algorithms from the point of view of the final user (the rider). The virtual rider must be provided with speed and gear-shifting reference signals for the given track, that have to be manipulated in order to limit the driver capabilities and emulate a city-ride route.
Track
In the application at hand, the track used in the simulations has to be designed so that the main features of urban and extra-urban mobility are considered. The provided tool is equipped with a reliable road modelling tool, where the track is split into small blocks described in terms of orientation, regularity, grip and other parameters. By combining such blocks, the relevant features of the track are specified, e.g., curves position and inclination angles, overpasses, chicanes. In the design stage, a weighted combination of curvature and tension (local measure of the total path length) determines the trajectory that the virtual driver will follow along the circuit.
Hybrid engine
The hybrid engine, with both the ICE and electric motor, is implemented with an external Simulink system with respect to the core block representing the motorbike/rider dynamics. Such choice grants that the correct throttle signal is generated (in a feedforward fashion) to match the speed reference profile that is given as input to the virtual rider. Another remarkable advantage of the proposed implementation is throttle partialisation management. Both engine models are map-based, i.e., their dynamics are represented by a collection of look-up tables, (e.g., RPM to supplied torque). Each engine is provided with maps relating the maximum and minimum available torque to the current RPM value (for the electrical machine, the minimum torque is null, since it does not contribute to engine braking). Given the throttle value at the previous step and the present RPM value, the ICE torque and the new throttle value are calculated and the last one is used to scale the electric torque to get the correct value. To compute the partialised torque, a linear interpolation is used, but different partialisation maps can be easily implemented. The subsystem includes a block to select the charge and boost intervals, as described in Sections 4.1-4.2.
Battery pack
Accumulators are modelled as described in Section 3. The polynomial models are integrated and parameterised by specifying the number of cells and their characteristics. Power estimation is also implemented. Observe that different accumulators models can be easily implemented by updating the correspondent charge and discharge curves.
Graphical user interface
A GUI has been implemented to easily set the model and simulation parameters (number of battery cells, track and rider profiles, control strategies, rider's driving style). The GUI can be used to modify the control strategy and driving behaviour in real-time, while a user friendly representation of the hybrid motorcycle current operation mode and set-up is provided through a dashboard.
Simulation results
The proposed control strategies have been tested in the virtual environment, aiming at validating the choice of the battery-pack and assessing the improvement in driving performance due to the electric boost contribution, while considering the vehicle dynamics and the impact on manoeuvrability of the hybrid setup. To this regard, it is worth recalling that the virtual rider is designed so as to track a speed reference signal. Hence, to compare the performance of different vehicles architectures and strategies, the rider has to be provided with the same speed reference. Therefore, the throttle demand signals will be compared, rather than the applied boost. For the same speed profile, a reduced throttle demand corresponds to an improvement due to the boost action that can be evaluated in terms of emissions reduction.
In the first virtual test, a track and a speed/gear-shift map have been realised to emulate the typical RPM profile of urban driving paths, favouring up-shifts to keep low running speeds. The designed track, 1,793 metres long, contains both urban and extra-urban features, with braking and accelerations phases, long straights and fast bends (see Figure 7) . The boost and charge intervals are highlighted in red and green, respectively, to show the out the outcome of the operation-mode selection strategy as a function of the spatial location of the motorbike on the track. In Figure 8 , the same information is reported in the RPM telemetry, where the effect of the strategy is shown in terms of speed variation. Observe that boost supply is disabled during up-shifts, to further reduce energy consumption. In Figure 9 , the two proposed control strategies are compared on the same speed reference, together with the behaviour of the standard (ICE only) motorbike. By observing the throttle request, the demand of the hybrid vehicle is smaller than that of the standard one during almost all of the acceleration phases. Also, by using the adaptive torque splitter strategy, the electrical machine is better exploited, with remarkable throttle demand reduction, in particular during long accelerations. In Figure 10 (b), the battery SOC is reported for the two different strategies. At the start of the simulation the batteries are full-charged and SOC ref = 0:95 for the torque split strategy. As expected, it can be observed that with the adaptive torque split strategy the battery is more intensely used, although the SOC always remains over 95%. To this regard, observe that the electric engine is designed to provide a larger contribution at low RPM (1,000 ÷ 4,000) values, as reported in the hybrid torque profile (Figure 3) , while the virtual driver is conceived for racing purposes and consequently favours high RPM regimes. Hence, the SOC remains high because the electric machine more frequently acts as a generator than as a motor. At the beginning of the lap, where a wider range of RPMs can be observed (see 10), the torque split strategy provides better performance thanks to a less conservative use of the electric engine (and battery). The control strategies have also been tested on a digital version of the Silverstone (UK) racing circuit (Figure 11 ) to evaluate performance in a racing context. Values of RPM on two laps are shown in Figure 12 . As in a racing driving style large RPM values regimes are preferred, the use of the electrical engine is limited. The results in terms of throttle, torque and SOC are reported in Figure 13 . As expected, in this case the difference in throttle request between the two strategies is reduced, since such high RPM values are outside the operational range of the electric motor. However, the comparison of torque contribution and residual SOC confirms that the torque split control strategy is more effective in exploiting the electrical machine as much, while respecting the battery operational constraints. In particular, by considering the SOC dynamics, it can be seen that the adaptive boost strategy only allows to charge the accumulators, thus performing in a more conservative way (in terms of electrical machine exploitation) than the torque split strategy Note that all the simulations have been carried out in real-time or faster, thus demonstrating the applicability of the PMS strategies on real vehicles, with ECU-optimised implementation. Also, vehicle stability has always been granted, suggesting that tests on a physical prototype can be safely carried out.
On-track results
The adaptive boost control strategy has been chosen for the implementation in the ECU of the RS4 125 prototype (see Figure 14) , thanks to its simple structure. Details on the design and realisation of the hybrid power train and on the overall layout of the prototype can be found in Morandin et al. (2015) .
A test bench characterisation of the hybrid engine has been performed, providing torque and power curves, that are compared with the ideal profiles in Figure 15 , confirming that the prototypical electric engine is coherent with the desired performance.
The prototype has been tested on the Pontedera track (see Figure 16 ). Accumulator voltage has not been measured; therefore it is not possible to evaluate the performance of the battery management system. However, the control signal applied to the electric motor by the inverter is available, so that it is possible to assess the different operating conditions during the test.
Differently from the simulation case, it is possible to compare the speed performance of the standard and hybrid setups, as there is no speed reference signal to be tracked. The comparison is reported in Figure 17 . The improvement provided by the hybridisation is evident: Peak speeds are slightly higher when the electric contribution is active, but the main result is the great increase in acceleration performance, that highlights the effect of boost (see in particular performance after the start of the lap, where larger boost contribution at low RPM values can be appreciated). The overall lap time is sensibly reduced (160.5 s versus 224.2 s), confirming that the hybridisation step has not affected the vehicle maneuverability. 
Note: The detail on the first part of the telemetry, with a wider range of RPM, gives and advice of the less conservative exploitation of the electric machine provided by the optimal strategy.
Conclusions
The use of a virtual, dynamical environment for supporting the hybridisation process of a sport motorcycle has been discussed, in particular as far as the design and validation of power management strategies is concerned. Different components of the hybrid system have been modelled. In particular, a simple characterisation of the accumulators has been proposed, based on information available from data sheet only. An estimation strategy for the provided and absorbed power has also been implemented. Two control algorithms have been proposed, namely, adaptive boost and adaptive torque split. Adaptive boost is based on the direct control of the electric machine only, where additional torque is provided only if the ICE cannot meet the request. Torque split is an optimal control strategy, acting on both propulsion systems with the aim of enhancing the use of the electric machine while assuring that the accumulators are not stressed. Both the controllers have adaptive features that help in the management of different path profiles. 
Note: The racing conditions result in a lower usage of the electric machine, in particular when the adaptive boost strategy is adopted.
The battery model and control strategies have been included in a flexible Simulink interface and integrated with a virtual rider tool. Simulations have been carried out to validate the battery sizing and the effectiveness of the control, both on vehicle stability and power management, with satisfactory results in particular with the optimal control strategy. The heuristic control algorithm has been implemented on a prototype and tested on a track, showing improvement in the dynamical performance, in particular at low RPM values.
Further studies are ongoing aiming at identifying the current driving conditions, e.g., using machine learning techniques, to better adapt boost supply to the characteristics of the route and the driving style by automatically selecting the most suitable torque map. The torque-split approach can also be refined by introducing more accurate system model and cost functions. MPC is also being investigated to optimally manage the electric motor, as proposed in Bolognani et al. (2009) . Notes: Note the great contribution in acceleration in the first part of the track provided by the electric motor. The lap time is reduced by 64 seconds by using the hybrid configuration.
Algorithm 1 Charge management -charge current switching strategy 
